A monolayer of WTe2 has been shown to display quantum spin Hall (QSH) edge modes persisting up to 100 K in transport experiments. Based on density-functional theory calculations and symmetry-based model building including the role of correlations and substrate support, we develop an effective electronic model for WTe2 which fundamentally differs from other prototypical QSH settings: we find that the extraordinary robustness of quantum spin Hall edge modes in WTe2 roots in a glide symmetry due to which the topological gap opens away from high-symmetry points in momentum space. While the indirect bulk gap is much smaller, the glide symmetry implies a large direct gap of up to 1 eV in the Brillouin zone region of the dispersing edge modes, and hence enables sharply boundary-localized QSH edge states depending on the specific boundary orientation.
Introduction -The quantum spin Hall effect (QSHE) has largely initiated the era of topological insulators [1] [2] [3] [4] and semimetals in contemporary condensed matter research. Moving beyond its fundamental relevance as a new quantum state of matter, however, technological applications can only be brought within reach if QSHE is realized at high operating temperatures. After low temperature realizations in HgTe/CdTe quantum wells [5] [6] [7] and InAs/GaSb heterostructures [8] [9] [10] , bismuthene has set a new paradigm for hightemperature QSHE, where the bulk gap is proportional to twice the atomic spin-orbit coupling of Bi and thus reaches up to 0.8 eV [11, 12] . In many respects, it came as a surprise when a monolayer of the dichalcogenide WTe 2 as yet another material class was subsequently reported to display QSHE up to 100 K [13] . There is no evidence for a particularly large bulk gap in WTe 2 , and in view of how significantly the bulk gap in the clean limit is usually reduced to arrive at the actual gap appearing in transport data, the enormous robustness of QSHE in WTe 2 poses a fundamental quest to be resolved.
WTe 2 is a material whose manifold intricacies arise from its spin-orbit coupled band structure combined with the W dorbitals that hint at electronic correlations [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . As a three-dimensional bulk material [21, 25, 26] , it shows a record-high magnetoresistance of about a million percent [15] . It has further been predicted to be a Weyl semimetal with strongly Lorentz symmetry breaking type-II Weyl cones [16] . In the form of monolayers, WTe 2 was already predicted to be a two-dimensional topological insulator [14, [18] [19] [20] before it was subsequently confirmed experimentally [13, 22] . Most recently, superconductivity has been observed in a slightly doped WTe 2 monolayer [23] , which further stresses the potential role of electronic correlations in the compound.
In this Letter, we develop an effective low-energy electronic model for WTe 2 monolayers. This is accomplished by different successive steps. First, we analyze the density functional theory description and symmetries of WTe 2 in light of the existing experimental evidence, and address how the measured gapped electronic structure could be rationalized through correlations or substrate effects. Second, we distill an 8-band model for WTe 2 where we identify the dominant atomic and Rashba spin-orbit terms. As such, our effective model can be conveniently adjusted to fit monolayer WTe 2 , and possibly other related QSH materials, for different experimental setups. Third, we investigate the QSH edge modes in WTe 2 for armchair and zigzag terminations. Due to the glide symmetry of the WTe 2 monolayer, the Dirac cones shift away from highsymmetry points and, in particular for a zigzag termination, allow for the formation of a big direct gap ∼ 1 eV protecting the QSH edge modes. Our analysis points towards a significant termination sensitivity of the edge modes, suggesting various experimental investigations motivated by our findings.
Density functional theory analysis -The lattice structure of monolayer WTe 2 , shown in Fig. 1a , is composed of zig-zag chains of W atoms running along thex direction. The zigzag nature of the chains endows the lattice with a glide-mirror symmetry that sends y → −y combined with half a lattice translation along the chain. As a common substrate support, WTe 2 can be deposited on top of bilayer graphene (Fig. 1b) . From a deconstructionist perspective, monolayer WTe 2 in the absence of spin-orbit coupling would be a two-dimensional topological semimetal with two gapless Dirac cones that are protected by the non-symmorphic glide-mirror symmetry. A band gap arises when spin-orbit coupling is included and gaps out the Dirac cones. As long as the non-symmorphic symmetry and time-reversal are preserved, the resulting insulator has to be topological [27] . In contrast to many other topological insulators, the Dirac cones of monolayer WTe 2 are not located at high-symmetry points in momentum space, but along the glide-mirror line.
The location of the Dirac nodes off high-symmetry points is a challenge for accurate first-principle calculations of the low-energy band structure, since slight relative shifts between the energy of the valence band maximum at the Γ point and the energy of the Dirac points severely affect the fermiology. There is ambiguous experimental evidence with regard to the nature of the electronic state. Recent angle-resolved photoemission spectroscopy (ARPES) experiments suggest the existence of a fully gapped band structure [31] , while scanning tunneling microscopy (STM) experiments suggest a metallic state [32] . Density functional theory (DFT) calculations based on the generalized gradient approximation (GGA) predict a type-II Dirac semimetal without spin-orbit coupling (SOC). The Dirac cones gap into overlapping electron and hole pockets once SOC is included, thus still rendering the resulting state metallic. It is, however, not clear whether GGA describes the electronic structure correctly. Rather, the ARPES band structures are well reproduced by HSE06 calculations of free standing monolayers [31] . This is in agreement with quantum oscillation experiments on bulk WTe 2 , hinting that GGA calculations fail to reproduce the electronic structure close to the Fermi level [33] . As an added complication, experiments on the monolayers likely cannot be directly compared with DFT calculations, since monolayers of WTe 2 are usually realized on substrates. Even though van-der-Waals (vdw) coupled substrates might only have a moderate effect in terms of direct hybridization, the substrate could still strain the monolayer, which can induce a transition from a metallic to an insulating state within GGA calculations. Furthermore, the substrate could break the glide symmetry of the monolayer, leading to other gap opening mechanisms besides SOC.
Gap from Fock exchange -We start out by showing how the inclusion of a certain amount of exact exchange within DFT leads to a semiconducting ground state and to the opening of a positive indirect gap in monolayer WTe 2 , which would be one way to address the discrepancy between ARPES experiments and GGA calculations. In WTe 2 , the tilting of the Dirac cones is controlled by the hoppings along the chain directions and therefore a possible overestimate of these hoppings could account for the metallic band structure predicted by GGA. The inclusion of exact exchange in hybridfunctionals such as HSE06 has been shown to mitigate the effects of self-interaction errors, and therefore is expected to reverse the overlap of the electron and hole pockets along ΓX. The HSE06 band structure plotted in Fig. 2a indeed presents a direct gap [34] . The inset of Fig. 2a shows the influence of exact exchange on the indirect band gap, modeled by varying the fraction of exact exchange α [35] . The GGA functional corresponds to α = 0, while the HSE06 functional corresponds to
is measured from the energy minimum of the conduction band at k c relative to the valence band maximum at Γ. The indirect band gap shows a linear dependence on the amount of exact exchange and switches sign from negative to positive at α 0.2, indicating the importance of post-GGA correlation effects in monolayers of WTe 2 .
Gap from the substrate -Strain induced by a substrate can also reduce the hopping strength along the chains in WTe 2 and may therefore be an alternative origin for the formation of an indirect gap. In actual experimental settings, a free-standing monolayer WTe 2 is grown on a supporting template. Even though we expect the bonding to be weak in absolute terms and of vdw nature, the lattice commensuration plays a crucial role as it induces strain. Bilayer graphene (BLG) is a typical substrate used to grow monolayers of transition metal dichalcogenides. In the specific case of WTe 2 , we find that a 2 × 2 reconstruction on BLG 3 × 6 induces a lateral tensile strain of ∼ 5.5% along the W zigzag chains. In Fig. 1b we show the binding energy of WTe 2 on BLG computed by explicitly including the vdw long range interactions. At the equilibrium distance d eq , the vertical separation between BLG and the topmost Te layers of WTe 2 is ∼ 7.5Å, a value that fits well with the STM measurements reported in [31] .
The band structure, when unfolded in the primitive Brillouin zone [29, 30] , does not show the semimetallic character typical of free-standing WTe 2 , but instead is characterized by a positive indirect gap (Fig. 2b) . This result originates from the reduction of the hopping parameters along the W chains, an explicit consequence of the tensile strain [27] . Moreover, from the spin splitting of the electronic states around the gapped Dirac cone, we estimate that the strength of the inversion symmetry breaking is 10 meV. The small magnitude can be attributed to the weak vdw coupling to the substrate.
Effective tight-binding model -Based on the DFT band structure, we provide the minimal eight-band spin-orbit coupled tight-binding model that has the same spatial symmetries as monolayer WTe 2 and quantitatively reproduces its low energy band structure in a window of about 1 eV around the Fermi energy. The symmetries of free-standing monolayer WTe 2 are time-reversal T , a glide mirrorM x that sends x → −x combined with a half lattice translation in x direction, and a two-fold screw symmetry around the x axisC 2x with the same translation asM x . The product ofM x andC 2x is the three-dimensional inversion I. The latter implies a twofold spin-degeneracy of all bands, andM x implies that pairs of these two-fold degenerate bands join into a four-fold degeneracy at k x = π. Thus, the minimal insulating band structure with these symmetries has eight bands. Building up on the results of [27] , we choose the corresponding degrees of freedom as spin s =↑, ↓, sublattice κ = A, B, and Wannier orbitals = p, d. We let the Pauli matrices σ ν , ρ ν , and τ ν , for ν = 0, 1, 2, 3, act on the s, κ, and degree of freedom, respectively. (Here, ν = 0 labels the identity matrices.) The symmetries are then represented by T = Kσ 2 ρ 0 τ 0 , mapping Same as left where the red circles highlight the unfolding coefficients originating from the unfolding procedure. These weights are defined from the scalar product KN |kn , where upper (lower) case symbols K and N (k and n) identify supercell (primitive cell) momenta and band indices, and are interpreted as proper spectral weights that allow to efficiently map the band structure of the primitive cell out of the band structure of the supercell. A derivation of the unfolding strategy can be found in Refs. [28] [29] [30] . Right: Zoom around the Dirac cone dispersion. The small splitting of the bands is due to Rashba SOC.
We write the tight-binding Hamiltonian directly in its Bloch representation in momentum space. Furthermore, we split the model into a spin-rotation invariant contribution without spin-orbit coupling, an intrinsic (int) SOC term which still preserves U(1) spin symmetry, and a Rashba (R) type contribution
with H 0 (k), H SOC int , and H SOC R to be specified below. The explicit form of the Hamiltonian contribution without SOC is In order to reproduce the gapped dispersion observed in both the case of a substrate or the calculations with HSE06, we include a spin-orbit coupling term that preserves i) TRS, ii) mirror symmetry, and iii) glide symmetry. Among a number of possibilities, we particularize to the ones at lowest order in k = (k x , k y ), in line with our goal to find the simplest SOC terms. In the basis we chose in Eq. (2), there are two constant terms that we use in this paper: σ 2 ρ 3 τ 2 and σ 3 ρ 3 τ 2 . Introducing those, we obtain an intrinsic SOC term of the form
with coefficients V and V . One finds that those two types of terms are related by spin-rotation by π/4 around σ 1 , and that the spin-rotation also satisfies all symmetries, as it is a global unitary transformation of the Hamiltonian. Therefore, the two terms act equivalently in the Hamiltonian: The spectrum and the topology of the Hamiltonian with SOC, Eq. (3), is invariant as long as V 2 + V 2 is kept unchanged. Unless otherwise noted, we assume V = 0 throughout the rest of the paper. We checked that for V = 0.115 eV, the dispersion in a window of about ±0.5 eV around the Fermi level is very similar to the HSE06 and substrate calculations with SOC (Fig. 2a) .
To include the effect of the substrate in the tight-binding model (1), we add Rashba-type SOC terms H SOC R . We choose the ones with the lowest order (constant in k x and k y ) that preserve time-reversal and mirror symmetry, but break the screw symmetry (and thus also break inversion). By symmetry considerations similar to those used to derive the intrinsic SOC terms (3), we get σ 2 ρ 0 τ 2 and σ 3 ρ 0 τ 2 as candidate matrices for the perturbations to the tight-binding Hamiltonian. One notable feature is that the two candidates are also related by spin-rotation by π/4 around σ x , identically to the intrinsic SOC term. This fact leads us to a classification depending on whether the intrinsic SOC and the Rashba term are parallel or perpendicular in spin space: The Rashba term σ 2 ρ 0 τ 2 is parallel in spin to (and thus commuting with) the first term in the intrinsic SOC term (3), while it is orthogonal (anticommuting) with the second term. For the other Rashba term σ 3 ρ 0 τ 2 the situation is reversed: It anticommutes with σ 2 ρ 3 τ 2 and commutes with σ 3 ρ 3 τ 2 . Furthermore, a Zeeman field B can be added to the tight-binding model (1) via the term B · σρ 0 τ 0 . QSH edge modes -Using the value V = 0.115 eV for the SOC amplitude in the following, we calculate the spectral functions in two different slab geometries
with λ = x, y (λ = y, x for respective case) being the open (periodic) direction of the slab, P λ the one-edge projector for λ-slab, and we used δ = 0.04 for the Lorentzian broadening. The results are plotted in Fig. 3a and 3b for the zig-zag and armchair edge, respectively. A stark difference between the two edges states is that the former has a Kramers degenerate point in the bulk gap, while the latter does not. Figure 3c shows the localization length of the edge modes as a function of the momentum parallel to the edge. We observe a particularly sharp localization of the order of one unit cell for the zigzag edge near the k x = 0 Kramers point. As expected, the localization length diverges at the momenta where the edge states connect to the bulk bands. In contrast, the localization length of the armchair edge states is much larger. For both edge orientations, the localization lengths correlate well with the inverse difference in energy between the edge state and the lowest bulk state (see dashed lines in Fig. 3c ). This identifies the large direct bulk gap around the Γ point as the origin of the extreme localization of the zigzag edge modes. Furthermore, we investigate the response of the QSH edge modes to an external Zeeman field. As seen in [36] , this magnetic response is highly sensitive to the type of termination and relative orientation of the Zeeman field. To leading order, the Zeeman effect opens a gap in the edge states if and only if the field points perpendicular to the spin-quantization axis singled out by the bulk spin-orbit coupling term [σ 2 for the V term and σ 3 for the V term in Eq. Discussion -Through developing an effective low-energy electronic model for monolayer WTe 2 , several directions of potential experimental and theoretical investigation offer themselves for further consideration. The motif to employ a glide symmetry to allow for Dirac cone gap opening away from high-symmetry points is likely to be applicable to a broad range of materials which so far have not yet been in the center of attention as candidates for quantum spin Hall effect. In the specific case of WTe 2 , substrate engineering might be intensified to optimize the electronic setting for a robust QSH phase. Furthermore, even though we in principle also find a consistent description for WTe 2 without invoking strong electronic correlations, more sophisticated theoretical approaches may be used to analyze the role of electron-electron interactions in WTe 2 . Finally, the high sensitivity of the QSH edge mode localization length towards the specific termination can be probed in experiment. In this context, a rotation of the gate orientation might the most convenient way to pursue such an investigation. To study how a Zeeman field affects the topological edge states of WTe 2 , we study the Hamiltonian 
representing the Zeeman term. Similarly to the case of H SOC R , H Z also splits into two components: the one parallel to the intrinsic SOC, and the other perpendicular to it. In Fig. 4 , we present the numerical result of Eq. (4) using Hamiltonian Eq. (5) in both cases for two different edge terminations, i.e., zigzag and armchair. We observe that the perpendicular Zeeman field lifts the Dirac crossing of the topological boundary state, whereas the parallel one twists the edge states into an asymmetric form in k-space, preserving the Dirac crossing. The gaplessness of the edge states in the latter case is protected by the (artificial) spin-conservation along the axis of the magnetic field. In Fig. 5 we present the direct comparison between the band structures obtained from GGA and HSE06 with a Hartree-Fock exchange of α exx = 0.25. It is well known that GGA may over-emphasizes metallic screening effects due to an underestimate of band gaps. The inclusion of direct exchange mitigates this effect by reducing the self-interaction errors and leads to a band gap more in line with the experimental results.
